ABSTRACT
INTRODUCTION
There are hundreds of integral and peripheral membrane proteins with known 3D structure deposited in the Protein Data Bank (PDB, Berman et al. 2000) , but their precise positioning in the lipid bilayer is missing. This positioning is essential for biological activity, intermolecular interactions, stability and folding of membrane protein complexes, and it has been studied by a variety of experimental methods, including chemical modification, fluorescence, spin-labeling, X-ray scattering, neutron diffraction, electron cryo-microscopy, and NMR or infrared spectroscopy for several dozen cases, such as rhodopsin, lactose permease, mechanosensitive and potassium channels, or C2 domains (Frilingos et al., 1998 , Lee 2003 , Hubbell et al., 2003 , Malmberg and Falke, 2005 . However since the amount of such experimental data is still very limited, this problem should be addressed computationally to keep up with the expanding flow of structures in the PDB.
Orientations of proteins in membranes may be theoretically calculated by minimizing a protein's transfer energy from water to a planar slab that serves as a crude approximation of the membrane hydrocarbon core (Rees et al. 1989) . The transfer energy can be estimated in different ways, including whole-residue hydrophobicity scales ("Garlic", Zucic and Juretic, 2004) , the normalized accessible surface area of nonpolar residues ("TMDET", Tusnady et al., 2004) , or atomic solvation parameters ("IMPALA", Basyn et al., 2003) . One of these methods, TMDET, has been applied recently to detect all transmembrane (TM), but not monotopic or peripheral, proteins in the PDB, which were deposited in the PDB_TM database (Tusnady et al. 2005) . However, the calculated orientations of TM proteins in PDB_TM were not verified through experimental data.
In an attempt to develop a method that would agree with experimental studies, we designed a more elaborate computational approach for optimizing the spatial arrangement of proteins in membranes. This method combines atomic solvation parameters for the water-decadiene system, interfacial polarity profiles in membranes determined in EPR studies, ionization energies of charged residues, and elimination of energetic contributions from any atoms situated in the polar pores or channels of TM proteins that do not interact with lipids (Lomize et al., submitted) . The developed theoretical approach discriminates between TM and water-soluble proteins, and determines the positions of TM proteins with a precision of ~1 Å for the hydrophobic thickness and ~2° for the tilt angle relative to the membrane normal. Most importantly, our results are in good agreement with experimental studies of 24 TM proteins, though they are less consistent with results of other computational methods, such as TMDET (Tusnady et al., 2004) or IMPALA (Basyn et al., 2003 ) (see more details at OPM web site).
OPM database
The Orientations of Proteins in Membranes (OPM) database has several important features. First, the calculated spatial arrangements of TM proteins in membranes were verified by a large sample of published experimental data. Second, protein orientations were calculated for quaternary complexes (biological units) rather than individual subunits or domains. Complexes were generated by the PQS server (Henrick and Thornton, 1998) and verified through the literature to exclude functionally irrelevant oligomers found in crystals, as in the PDB_TM database (Tuesday et al. 2004 ). Third, we included a small initial set of 33 integral monotopic and peripheral membrane proteins, which will be significantly expanded in the future. Fourth, all protein complexes were classified based on the structure of their main membrane-associated domains. Our classification has four hierarchal levels: type (TM or peripheral/monotopic protein and peptides), class (all-, all-, + , / ), superfamily (evolutionary related proteins), and family (proteins with clear sequence homology). The superfamilies and families were taken from SCOP (Andreeva et al., 2004) , with some corrections and including proteins not present in the latest release of SCOP. TM superfamilies and families (except enzymes and structural proteins) were ordered by their biological function, as in TCDB (Busch and Saier, 2004) , starting from complexes involved in photosynthesis, respiration, and other primary active transport processes. Finally, we included the tilt angle of the protein relative to the membrane normal, the hydrophobic thickness, the transfer energy of the protein from water to the membrane, the topology, the type of destination membrane and other parameters, which are not provided together in any other resource.
Similarly to PDB_TM, OPM provides an up-to-date list of TM proteins with their hydrophobic boundaries. Our current release includes 126 unique 3D structures that represent 506 PDB entries. Typically, a complex with the most complete quaternary structure or one determined with the highest resolution is selected as a representative model. Other structures, such as mutants or conformational states of the same protein, are included in OPM as "related PDB entries." However, six types of structures are temporarily excluded: (1) complexes with many unassigned residues and sets of backbone coordinates; (2) low-resolution electron microscopy-based models; (3) incomplete or non-functional assemblies, such as peptide fragments, monomeric units of TM channels (protegrin, mellitin, alamethicin, zervamicin etc.) , or double helices of gramicidin A; (4) NMR models derived from orientational rather than distance constraints; (5) ionophores (valionomycin, monesin, etc.) ; and (6) theoretical models.
Data access and visualization
OPM allows either searching of proteins by their name or PDB ID, or sorting of proteins in tables for many specific categories (type, class, superfamily, family, destination membrane or biological source). Sorting within tables may be executed on the proteins' name, PDB ID, number of TM helices or subunits, number of secondary structures, hydrophobic thickness (membrane penetration depth for peripheral proteins), tilt angle, transfer energy, and structural family, biological source or destination membrane.
An individual web page is generated for each membrane protein complex, as shown in Figure 1 , with pictures prepared with QUANTA (Accelrys Inc.). 3D visualization is available through MDL Chime and WebMol (Walther 1997) . Coordinate files of all proteins with calculated membrane boundary planes are available for downloading separately for each protein or as a whole dataset. Membrane hydrophobic core planes are marked by dummy atoms of nitrogen for the inner and oxygen atoms for the outer membrane sides according to topology definitions in MPtopo (Jayasinghe et al., 2001) . OPM is made with PHP, MySQL and uses the Smarty template framework, which separates the program logic (PHP, MySQL) and presentation (XHTML, CSS, JavaScript), and enables caching. OPM is manually curated and will be updated regularly.
